Testosterone (T) is hypothesized to be an important honesty reinforcer of animal sexual signals. Owing to its immunosuppressive effects, only those individuals that can immunologically withstand high T levels can develop the most exaggerated traits. To date, few studies have isolated phenotypic or genotypic buffers that provide 'high-quality' animals with such an advantage. Dietary carotenoid pigments may in fact confer such a benefit because when in high supply carotenoids boost immunocompetence and coloration in animals like birds and fishes. We examined the experimental effect of T elevation on carotenoid and immune status in male and female zebra finches (Taeniopygia guttata) and found that T was immunostimulatory in a generalized cell-mediated challenge. We also detected a significant interaction between T treatment and the change in plasma carotenoids that occurred during the immune challenge; the relationship between blood carotenoid change and immunity was positive in controls and negative in T-implanted birds. This suggests that, while correlationally birds with high carotenoid stores were inherently better at mounting strong immune responses, experimentally administered T induced birds to deplete carotenoids for maximizing their health. Our findings highlight a nutrient-specific mechanism by which animals escape high immune costs of T elevation and thus can still elevate ornamentation.
INTRODUCTION
The immunocompetence handicap hypothesis (ICHH) was advanced to explain how hormonal effects on the immune system can influence the costliness of sexual ornamentation in animals (Folstad & Karter 1992) . According to this idea, androgens like testosterone (T) not only stimulate the development of secondary sexual traits, but also compromise immunity. Thus, individuals are faced with a physiological trade-off, and must either limit T elevation, hence improving health but at the cost of ornament expression, or have some means by which they can counteract T-induced immunosuppression and still develop or maintain exaggerated ornamentation. To date, such escape mechanisms have been thought to have genetic (Verhulst et al. 1999) or endocrine bases ( Wingfield et al. 2001) , whereby individuals of the highest quality either are genetically more resistant to parasites and thus can elevate T at a lower immunological cost, or can better regulate T physiologically (e.g. using binding proteins to render T inert, enzymatically converting T to less harmful steroids), elevating levels only when needed and hence minimizing its costs.
However, there are other types of molecules (e.g. nutrients, stress hormones like corticosterone; Poiani et al. 2000; Owen-Ashley et al. 2004 ) that can be associated with sexual ornament expression and that may affect the relationship between T and immunity. Such a group of candidate biochemicals is the carotenoids, which are diet-derived pigments that generate bright coloration in a variety of animals. Carotenoid pigmentation is commonly under androgenic control in animals such as fishes and birds (Jayasooriya et al. 2002; McGraw et al. 2006) , but carotenoids themselves act as potent antioxidants and immunomodulators in these same vertebrate groups (Blount et al. 2003; Grether et al. 2004) . This raises the possibility that animals with high carotenoid levels may be able to physiologically offset any immune costs suffered by elevating T to become more colourful.
We studied how T treatment influenced carotenoid circulation and immune performance in the zebra finch (Taeniopygia guttata). Beak colour in this species is a carotenoid-derived (McGraw et al. 2002) , sexually selected trait (Burley & Coopersmith 1987) . In previous studies, we showed that T elevates carotenoid levels in the bloodstream via lipoprotein upregulation, thus making birds more colourful (McGraw et al. 2006) , and that dietary supplementation with carotenoids elevates beak pigmentation and multiple measures of immunity (McGraw & Ardia 2003) . This led us to suspect in this species that, unlike typical T-induced immunosuppression, the high carotenoid levels circulated by high T birds might dampen, negate or even override the immunosuppressive effects of T (McGraw & Ardia 2005) . We implanted a group of males and females with crystalline T and compared their response to a generalized cutaneous cell-mediated immune challenge (mitogen injection), as well as their changes in carotenoid levels that occurred during that challenge, to unimplanted control birds.
MATERIAL AND METHODS
Thirty-five adult zebra finches were randomly selected from our captive breeding colony , housed in malefemale pairs under pre-breeding conditions (without nest cups or material) for at least a month prior to the study, and randomly assigned to either a sham-control or T-implanted treatment group (see electronic supplementary material for additional information). After the experiment, we administered a commonly used immune challenge-the phytohaemagglutinin (PHA) wing-web-swelling test (Martin et al. 2006 We used two-way analysis of covariance (ANCOVA) to investigate the effects of T treatment, sex, change in plasma carotenoid concentration (as a covariate) and all interactions on cutaneous cell-mediated immune response (see electronic supplementary material for additional information).
RESULTS
We found a significant effect of T treatment on cutaneous cell-mediated immunity (table 1) . T-implanted birds mounted a stronger response (thicker wing-web swelling) to PHA injection than did control birds (figure 1a). The interaction between T treatment and change in plasma carotenoid concentration also had a significant effect on immunoresponsiveness (table 1). Control birds that had thicker wing-web swellings increased in plasma carotenoid concentration over the course of the experiment, whereas T-implanted birds with thicker wing-web swellings decreased in plasma carotenoid concentration during the study (figure 1b). We found no significant effect of sex or change in plasma carotenoid levels on wing-web swelling, though females tended to mount a stronger immune response to this challenge than did males (table 1).
DISCUSSION
We show that T did not depress cell-mediated immunity in zebra finches. The conserved immunosuppressive effects of T in male animals have been hotly debated, and the lack of T-induced immunosuppression is fairly commonly reported in a number of taxa ( Roberts et al. 2004 ). However, we found evidence here that T treatment was immunoenhancing in zebra finches, and this was true in both sexes (T-mediated immunomodulation is rarely studied in females; Ketterson et al. 2005) . Our previous work in zebra finches suggested that carotenoids may be available in sufficient amounts in T-implanted birds to offset any immunocompromising effects that elevated T might have. In fact, in the present experiment we found that the relationship between T and immunity was tied to carotenoid allocation in the body. T-implanted birds that mounted stronger immune responses decreased more in blood carotenoid supplies, implicating T in the active mobilization of circulating carotenoids for an immune boost (probably by offering antioxidant protection, which destroys carotenoid molecules, to active immune cells; Alonso- Alvarez et al. 2004 ). This suggests, unlike previously proposed genetic or endocrine mechanisms, that a nutrient serves as an overriding buffer for T-mediated immunosuppression. Put another way, the elevation of T appears to promote carotenoid accumulation that combats its immunosuppressive effects. Blas et al. (2006) recently demonstrated a similar relationship in red-legged partridges (Alectoris rufa), for which T implants increased plasma carotenoid levels and such high plasma carotenoid levels were associated with an increase in the same measure of cell-mediated immunity as ours.
Carotenoids also directly create sexual ornamentation in male and female zebra finches, however, and if they are depleted substantially by high circulating T in the most colourful birds, then this would break down the honesty of the signalling system (e.g. birds with 
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faded beaks would have either low T and inherently fewer carotenoids or high T and depleted carotenoids). However, there are several pieces of evidence from this study and others in the literature that support the notion that more colourful birds do in fact have higher carotenoid stores, are healthier and can circulate higher T levels. For example, more colourful house finches (Carpodacus mexicanus) in the wild accumulate more carotenoids, carry fewer and better resist parasitic infections and circulate higher T levels (Hill 2002) . In addition, control zebra finches in our study, unlike our T-implanted birds, showed a positive relationship between blood carotenoid changes and immunity, which probably reflects the true superiority of some birds at accumulating carotenoids while maintaining good health (as has been found in many single-timepoint correlational studies of carotenoid status and health in birds; Hill 2006) . Altogether, these and our results are consistent with the ICHH for sexual ornaments, such that birds using high T to elevate carotenoid coloration can in fact still maintain superior health status and ornamentation. The fact that we found rare T-induced immunoenhancement that is putatively linked to carotenoid availability suggests that other animals with elevated carotenoid supplies or coloration should also experience such an advantage. On the contrary, a review of the literature in birds demonstrates that four out of the five carotenoid-coloured species studied to date in this context all experience some form of T-driven immunosuppression under laboratory experimental conditions (see electronic supplementary material for this review). However, in all of these studies, systemic carotenoid levels have been drained to very low levels (via the diet) in all animals, thus potentially leaving birds with few carotenoids in the body to combat infectious challenges. Zebra finches, on the other hand, are ideal models for such work because they maintain physiologically relevant carotenoid levels when fed the same seed diets (Hill 2006) . Overall, future studies examining the interactions between carotenoids, androgens and disease should more carefully consider carotenoid variability statistically and experimentally (perhaps co-manipulating dietary carotenoid availability and T treatment) so that we can continue to improve our understanding of how these three traits covary.
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